Cerebral mucormycosis in man is an unusual, generally fatal, fungus infection, occurring chiefly in patients with diabetic acidosis. Clinically, the infection is characterized by unilateral ophthalmoplegia and meningoencephalitis. At autopsy the orbital tissues, meninges, and brain are invaded by fungus. Involvement of the paranasal sinuses has been noted in a few instances. In the past the fungus had not been isolated by culture and was classified as Mucor on the basis of its morphology in histologic preparations. The phycomycete Rhizopus oryzae of the order Mucorales has recently been isolated at autopsy in this laboratory from a diabetic patient who died with this infection. The clinical aspects of this unusual disorder, the autopsy findings, mycologic studies, and a review of the literature have already been reported.' The lesions of cerebral mucormycosis were reproduced experimentally in diabetic rabbits infected with several species of fungi of the order Mucorales.
Details concerning all data are shown in Tables 1 and 2 . Experimental diabetes was produced in male rabbits ranging from 2,000 to 3,600 gm. in weight by intravenous injection of alloxan in doses of 200 mgm. per kilogram body weight. The alloxan was dissolved in normal saline to a concentration of 20 mgm. per cc. Following the administration of alloxan, three to four injections of 15-20 cc. of 10% glucose in distilled water were given intraperitoneally at two-hour intervals to counteract hypoglycemia induced by the release of insulin. The presence of diabetes was ascertained daily throughout the experiment by the appearance of sugar and acetone in the urine and by blood sugar levels determined by the micro-method of Nelson.2 Appreciable hyperglycemia appeared within 48 to 72 hours after injection of alloxan at which time the animals were infected by intranasal instillation of 1.5 cc. of a suspension of fungus spores in saline. The suspension was prepared from sporangia obtained by growing the fungus in tubes of Sabouraud-dextrose agar incubated at 250 C. for seven days. Sporangiospores were liberated by covering the culture with sterile physiologic saline and disrupting the sporangia by vigorously rubbing the growth with a heavy needle. The saline suspensions of spores from several tubes were pooled and freed of mycelial and sporangial fragments by filtration through a double layer of sterile gauze. (Fig. 1 ) covered by purulent exudate composed of necrotic epithelium, polymorphonuclear leukocytes, which frequently showed signs of degeneration, many large branching aseptate hyphae (Fig. 2) , and a wide variety of gram positive and gram negative bacteria. The adjacent tissues displayed coagulation necrosis with a mild peripheral infiltration of polymorphonuclear leukocytes. The necrosis and its attendant inflammation extended beyond the soft tissues and produced osteomyelitis of the nasal bones and the base of the anterior cranial fossa (Fig. 3) (Fig. 4) and occasionally a mycelium was seen in the media penetrating the intima and to extend into the lumen. Similar but less extensive growth of hyphae was found in branches of the olfactory nerve (Fig. 5) . The invasion of blood vessel walls and nerve trunks was often unattended by any cellular response.
DIABETIC RABBITS INFECTED WITH RHIZOPUS ORYZAE
The cerebral lesions involved the inferior aspects of the frontal lobes and the optic and olfactory nerves. The leptomeninges and cerebral cortex were invaded by many mycelia (Fig. 6) . A slight infiltration by polymorphonuclear leukocytes, many of which appeared to be degenerating, was present in the leptomenihges and to a lesser extent in the cortex. The latter showed early necrosis which appeared to result from extensive involvement of the blood vessels by fungus. Mycelial masses intermingled with strands of fibrin and polymorphonuclear leukocytes occluded the vascular lumens, and the vessel walls were also heavily invaded by hyphae (Fig. 7) . Isolated mycelia without signs of associated cellular injury or response were frequently present in the perivascular spaces of the brain (Fig. 8) .
The lungs showed foci of bronchopneumonia and infarction. The smaller lesions were fairly well circumscribed and consisted of a few hyphae surrounded by moderate numbers of polymorphonuclear leukocytes many of which showed pyknosis of the nuclei and karyorrhexis. A few large mononuclear cells were also present. The larger lesions which sometimes involved the pleura were ill-defined areas of necrosis with many mycelia (Fig. 9) . Scattered polymorphonuclear leukocytes, again showing signs of degeneration, were present throughout the lesion without forming a line of demarcation. Blood vessel invasion and occlusion by the fungus were prominent and involved branches of the pulmonary artery and veins. Throughout the parenchyma occasional septal capillaries contained isolated hyphae unattended by cellular response. Extensive growth of the fungus was found in many bronchi where it involved the walls and lumens. In several instances mycelial branches penetrated through the bronchial wall and mucosa into the lumen (Fig. 10) . No definite bacteria were identified in the lesions.
The renal lesions consisted of multiple foci of necrosis. These were located chiefly in the cortex and at the cortico-medullary junction and only rarely involved the medulla. The lesions were clearly the result of capillary obstruction by hyphae producing areas of infarction in which the fungus proliferated (Fig. 11) . Various stages of the process were seen in the glomeruli in which one or several capillaries were occluded by mycelia with necrosis of the remaining loops. Some hyphae were encountered free in the capsular space. Mycelia were also found in the peritubular capillaries, either without evidence of cellular injury and response, or producing small in-farcts with disruption of the adjacent tubules. Extension of mycelia from these foci into tubules was noted. An occasional mycelium was found free in the lumen of an interlobular artery. The lesions showed no appreciable hemorrhage and only slight leukocytic response. Degenerative changes were seen in most of the polymorphonuclear leukocytes.
Lesions in the non-diabetic control animals were confined to the nasal mucosa and consisted of a few, minute, circumscribed foci of ulceration surrounded by a marked infiltration with normal appearing polymorphonuclear leukocytes (Fig. 12) . The lesions did not involve the tissues beyond the submucosa. Rare spores, often degenerating in appearance, were present in the center (Fig. 13) . There was no involvement of blood vessels.
DISCUSSION
The lesions produced experimentally by the intranasal instillation of spore suspensions of fungi of the order Mucorales in rabbits with alloxaninduced diabetes closely resemble those of cerebral mucormycosis in man. The infection was readily established by this method. As already suggested by observations in patients, the nose and paranasal sinuses can be the portal of entry. Our findings show that when the infection is established in the nasal mucosa, it rapidly extends to the adjacent tissues, including the bone, and finally spreads to the leptomeninges of the frontal lobes of the brain. Invasion of the optic and olfactory nerves is another pathway by which the process reaches the brain. Invasion of blood vessel walls, associated sometimes with thrombosis, seems to account for many of the morphologic and clinical manifestations and for the dissemination of this infection. Much of the necrosis at the primary site of infection in the nasal mucosa appears related to vascular occlusion. The renal lesions clearly result from hyphae trapped in small vessels, producing infarcts in which the fungus proliferates. The origin of these mycelial emboli from pulmonary lesions in which the fungus has invaded the pulmonary veins was readily demonstrable. The fungus probably reaches the lungs by aspiration, although hematogenous lesions produced by emboli from infected veins of the nasal regions or skull are quite likely. Vascular obstruction secondary to fungus invasion of branches of the pulmonary artery plays a definite part in the progression of pulmonary lesions. Infarction resulting from involvement of the leptomeningeal vessels accounts for the changes in the cerebral cortex. These are enhanced by the proliferation of the fungus in the infarcted areas with further invasion and occlusion of cortical vessels. Mycelial emboli to distant parts of the brain have not been observed in the experimental animals although they are known to occur in patients when the intracranial portion 34 Volume 28, Septeniber 1955
Cerebral mucormycosis in rabbits with alloxan diabetes BAUER, FLANAGAN, SHELDON of the internal carotid artery is involved. All lesions of the diabetic rabbits were incompletely demarcated by a mild inflammatory reaction. This con.-sisted almost entirely of polymorphonuclear leukocytes most of which showed pyknosis of nuclei and karyorrhexis.
The affinity of the fungus for arteries and veins is striking in both human and experimental infection but the reason remains obscure. The direct effects of the fungus on cells and tissues other than those related to vascular obstruction are as yet undetermined. The mycelia are often seen growing in tissues which show no signs of injury or cellular response. Actual penetration of apparently intact vessels (Fig. 14) or bronchial walls is frequently observed.
Among the nine diabetic rabbits inoculated with Rhizopus oryzae two failed to show lesions. One of these died five hours after inoculation, probably too early to develop lesions. The other, one of the first animals in the study, was sacrificed 168 hours after inoculation. In this animal marked acetonuria was not sustained. We have no explanation for the absence of lesions in two of the three animals infected with Absidia corymbifera.
The changes in the non-diabetic rabbits differed greatly from those of the diabetic animals. The lesions were few in number and of minute size surrounded by many polymorphonuclear leukocytes which showed no unusual degree of degenerative changes. Rare spores but no hyphae were present in these lesions. There was no spread to bone or brain and no pulmonary or renal involvement.
Rhizopus oryzae and the other Mucorales used in this study are ubiquitous saphrophytes which under certain unknown circumstances acquire the ability to invade tissues and spread through the body. The presence of bacteria in the nasal lesions of man and experimental animals suggests the possibility that these microorganisms may play a part in establishing the primary focus of infection. The absence of bacteria in the cerebral and renal lesions indicates, however, that these organisms are not necessary for the systemic dissemination of the fungus. From our experimental findings and observations in patients it is obvious that the metabolic alterations of diabetes mellitus are of signal importance in the pathogenesis of this infection. Mucormycosis has, however, been encountered in systemic and localized disorders which are not associated with diabetes such as leukemia, other malignancies, severe burns, infantile diarrhea, and antibiotic therapy.! The distinct differences in the pathogenicity of these fungi in diabetic and normal animals offer an opportunity to study the relationship of host metabolism to infection. Studies are in progress to determine the metabolic factors
